, and McCarthy and Nester (9) observed the properties of cells that had specifically taken up and expressed transforming DNA. However, each of these approaches has limited applicability.
Transformed cells have been separated from nontransformed cells by centrifugation on a density gradient of Renografin-76. Separation was achieved both on a linear gradient and on a discontinuous gradient. Under optimal conditions, all of the cells in one band (median density, 1.110 g/ml) were transformants, whereas virtually all cells in the other (median density, 1.131) were nontransformants. In some instances, recentrifugation of the transformant band further enriched the transformant population. The transformed population can also be enriched by zonal centrifugation in a linear gradient of Ficoll. However, this technique is far less efficient than centrifugation in Renografin-76. Sincethe densityof competent cells is identical to that of transformants, we conclude that the low density is a property of competent cells. The significance of this low density to the physiology of competent cells is discussed.
Studies of competence in Bacillus subtilis have always been hampered by contamination of competent-cell preparations by noncompetent cells. The fraction of cells in a maximally competent population ranges from a few per cent to probably no more than 20% (24) . Thus, any study of the competent culture must reflect, in large part, the properties of noncompetent cells.
Several workers have "isolated" the competent fraction of the population by studying those cells which have specifically taken up transforming deoxyribonucleic acid (DNA). Young (24) and Wolstenholme et al. (23) observed the properties of cells that were shown by autoradiography to have taken up tritiated DNA. Stocker (20) , Nester and Stocker (14) , and McCarthy and Nester (9) observed the properties of cells that had specifically taken up and expressed transforming DNA. However, each of these approaches has limited applicability.
Separation of competent from noncompetent cells appears feasible, since several workers have shown that these cells differ from noncompetent cells in a number of fundamental respects (9, 13) .
Indeed, Singh and Pitale (19) reported the separation of transformed from nontransformed cells by zone sedimentation on a linear gradient of sucrose.
Recently, isopycnic gradient centrifugation in cesium chloride has been used to fractionate cells of Escherichia coli grown under various conditions (15) . However, the recovery of viable cells is only about 10%. Using a modification of the method used by Schatz et al. for isolation of mitochondria (18) , Tamir and Gilvarg (21) (9) . Freshly prepared or thawed competent cultures were routinely exposed to saturating concentrations of transforming DNA for 30 min.
Enumerationi of cells. Cells were enumerated as colony-forming units. The techniques used have been described (13) . The diluted cell suspensions were plated on Davis minimal agar plates with the necessary supplements. Transformants of strain 168 were scored on Davis minimal agar plates containing 0.05% acidhydrolyzed casein; total viable-cell counts for strain 168 were made on this medium supplemented with L-tryptophan (20 ,g/ml).
Formation of gradients. Linear density gradients, usually of 4.6 or 25.0 ml, were formed with a Buchler model 2-5051 or 2-5044 gradient mixer, model 2-5070 stirrer, and model 2-6100 polystaltic pump. For sterilization, it was necessary to disassemble the gradient mixer. The mixing chamber was soaked for several hours in 0.1 N NaOH. The stopcock was soaked in 95% ethyl alcooioL. These components were then rinsed with sterile distilled water and reassembled. The 0 ring on the stopcock was forced into its channel by manipulation with the aid of cotton swab sticks. The apparatus was then rinsed several t;mes with sterile water. The stirring bar and Tygon delivery tubing we-i autoclaved. Centrifuge tubes were rinsed with 95% ethyl alcohol, and then with sterile distilled water.
Because of the inconvenience and time involved in preparing sterile linear gradients, step gradients, in which the concentration of the supporting medium varied discontinuously, were often used. In most cases, step gradients were prepared in a final volume (including the sample) of all of the transformants and over 72% of the total population. By zonal centrifugation of a transformed culture on a linear gradient of Ficoll, we were able to achieve a maximal enrichment in transformants of threefold. However, the enrichment is less than threefold for fractions containing more than 45% of the transformants, so this method is not useful for preparative separation. We were encouraged by this partial success to try another suspending medium. Separation of transformedfrom nontransformed cells on gradients of Renografin. Figure 1 shows the separation of a transformed culture into two fractions on a linear gradient of Renografin. The majority of the cells occupy a single, relatively sharp, symmetrical band, whereas a peak of lighter cells accounts for the majority of the transformants. Since the fractionation is based on a difference in density between the two populations, a greater degree of separation can be achieved by using a shallower gradient; such a gradient is illustrated in Fig. 2 . The most convenient method of separation is by a step gradient, in which the concentration of Renografin varies discontinuously ( of the culture is applied to the gradient, the band of competent cells is readily visible (Fig. 4 (Fig. 2) show that about 80% of the cells comprising the major peak lie within a density range between 1.127 and 1.136 g/ml and about 90% of the cells in the transformant peak lie within a density range between 1.105 and 1.115 g/ml. It is apparent from Fig. 2 that, after centrifugation, the range of concentrations of Renografin in the gradient is different from the starting range, presumably because the preformed gradient is not at density equilibrium.
RESULTS
Estimate of the enrichment of transformed cells by gradient centrifugation. Clearly, the majority of the cells band in the heavy region of both linear and step gradients of Renografin. In the experiment illustrated in Fig. 1 , the second, (13) with DNA isolated from WB746. The culture was centrifuged, and the cell pellet was resuspended in 1.0 ml 12.5% Renografin. An 0.8-ml amount was applied to a 25-ml gradient varying linearly in Renografin concentration from 25 to 40%. The gradient was centrifuged for 30 min at 15,000 rev/min in a Beckman model L preparative ultracentrifuge in a SW-25.1 rotor. Fractions of 80 drops each were collectedfrom the bottom of the gradient; each fraction was assayed for colony-forming units and diluted twofold with Davis minimal medium; the optical density at 420 m,u was determined as a measure of total cell number. The transformation frequency of the wifractionated culture was 1.32 X 103. (9) was transformed with DNA isolatedfrom WB746. The culture was centrifuged and the cell pellet was resuspended in 0.2 ml of 12.5% Renografin; 0.1 ml was applied to a gradient consisting of 4.0 ml of Renografin, varying linearly in concentration from 25 to 35%, layered onto 0.6 ml of40% Renografin. The gradient was centrifugedfor 30 min at 15,000 rev/min in a Beckman model L preparative ultracentrifuge in the S W-39 rotor. Fractions containing 20 drops were collected into 9.9 ml ofDavis minimal medium; they were assayed for colonyforming units and diluted 100-fold, and the optical density at 260 mit was determined. The transformation frequency of the unfractionated culture was 2.44 X 10-4. Centrifugation of a transformed culture on a step gradient of Renografin. A 4-ml amount of a culture prepared from 0.4 ml of a freshly thawed competent culture (9) of strain 168 was transformed and centrifuged, and the cell pellet was resuspended in 0.4 ml of 12.5% Renografin; 0.2 ml was applied to the gradient. The step gradient consisted of 1.0 ml of 50% Renografin, 3.0 ml of31% Renografin and 0.8 ml of 12.5% Renografin (see Materials and Methods). The gradient was centrifuged as described in Fig. 2 Table 1 shows that the maximal transformation frequency is 12 times that of the unfractionated culture, and 4,200 times the transformation frequency in the tube containing the greatest number of noncompetent cells.
It is not possible to determine directly the FIG. 4 . Centrifugation of a competent culture on a step gradient ofRenografin. A 1.5-ml amount ofa freshly thawed suspension of competent cells (9) of strain 168 was diluted twofold with 25% Renografin. This suspension was applied to a step gradient containing 8.0 ml of 50% Renografin, 12.0 ml of 30% Renografin, and 2.0 ml of 12.5% Renografin. The gradient was centrifuged as described in Fig. 1 . The arrow indicates the band of competent cells.
fraction of competent cells in a population. We are able to detect transformants for a single, or at most, a few markers, whereas, presumably, many competent cells are transformed at regions of the genome identical in both the donor and the recipient strain. Attempts to determine the number of competent cells directly by transfection have had limited success (3, 16) .
Goodgal and Herriott (7) (9) of SBI (hisAI trpC168) was prepared and transformed as described in Fig. 1 . The culture was centrifuged; the cell pellet was resuspended in 3.5 ml 12.5% Renografin. The suspension was layered on top of a step gradient of 8.0 ml of50% Renografin, 10.0 ml of 30% Renografin, and 3.5 ml of 12.5% Renografin; the gradient was centrifuged as described in Fig. 1 . Ninefractions of240 drops each were collected; a portion ofeachfraction was diluted sixfold with Davis minimal medium, and the optical density at 420 my was determined. Fractions 6 through 9 inclusive were pooled, diluted with two volumes ofDavis minimal medium, andfiltered through a sterile membrane filter. Cells were washedfrom the filter with 1.5 ml ofDavis minimal medium; 1.0 ml of this suspension was diluted with 1.0 ml of 25% Renografin. (B) This suspension was layered on top of a step gradient containing 1.2 ml of 50% Renografin and 1.6 ml of30% Renografin. The gradient was centrifuged as described in Fig. 2 . Fractions containing 20 drops were collected and assayedfor colony-forming units. The percentage ofcompetent cells in fractions was calculated as in Fig. 5 . The culture used in the first centrifugation (A) was calculated to contain 9.5% competent cells; the culture applied to the second gradient (B) was calculated to contain 73.4% competent cells. might conceivably be a property of all competent cells, or a result of DNA uptake. To distinguish between these two possibilities, competent cells of strain 168 were incubated with or without prototrophic DNA under otherwise identical conditions. Each population was centrifuged through a linear gradient of Renografin.
Fractions of the untransformed culture were diluted with modified CHT-2 (13) lacking tryptophan and exposed to prototrophic DNA. Figure  7 shows that the density of competent cells transformed before and after centrifugation was identical. Thus, we conclude that the low density is a property of the vast majority of competent cells.
If Renografin was present in the medium during A 1-ml amount of this suspension was transformed as in Fig. 1 ; 2.0 ml were incubated under identical conditions except that DNA was omitted. Both cultures were centrifuged; each cell pellet was resuspended in 0.2 ml of 12.5% Renografin and layered onto a 4.6-mi gradient ofRenografin varying in concentrationfrom 25 to 40%. The gradients were centrifuged as described in Fig. 2 ; 20-drop fractions were collected. Fractions from the gradient containing the transformed culture were diluted with 1.3 ml ofDavis minimal medium and assayedfor transformants and optical density at 420 mu. Fractions from the gradient containing the non-transformed culture were diluted with 2.0 ml ofmodified casein hydroiysate medium (13) lacking tryptophan and containing DNA isolatedfrom strain WB746.
These cultures were transformed as in Fig. I and assayed for transformants and optical density at 420 mg.
exposure of the competent culture to DNA, it inhibited transformation at concentrations above 2.5 to 3.5%, and slightly stimulated transformation at lower concentrations (Fig. 8 ). Since the difference in stimulation by Renografin in the concentration range covered by the transformant peak in Fig. 7 was less than 2%, the results presented in Fig. 7 It is obvious that in some experiments we have not achieved a complete separation of the transformed from the nontransformed cells (Fig. 3, 5,  6 ). These results point up some of the limitations of the technique. For example, there remains some contamination of one type of cell by the other. These cells might be in density equilibrium with the gradient or physically trapped by the surrounding cells. In a population calculated to be 9.5% competent, the trapped noncompetent cells are not actually light, since they band in the heavy region on a second centrifugation (Fig. 6) Zonal centrifugation of two populations of sample material with sucrose or Ficoll as the density gradient medium separates the species on the basis of sedimentation coefficient, which is determined by the density as well as by the size and shape of the material (1). It is not possible to deduce the reason for fractionation of competent cultures by zonal centrifugation (19) . Isopycnic gradient centrifugation shows that a difference in bouyant density does occur, although size differences have not been ruled out. Competent cells are not dividing during the period of competence (14, 20) , nor do they synthesize appreciable quantities of ribonucleic acid (RNA) or DNA (9) . In E. coli, the rate of bulk RNA synthesis is correlated with cell size (11) , suggesting that the nondividing competent cells might be smaller than the more rapidly growing noncompetent cells. On the other hand, the ratio of RNA to protein in rapidly growing cells is higher than in slowly growing cells (4, 22) , so on this basis competent cells might be expected to be less dense than noncompetent cells (10) The relationship between the difference in density of competent and noncompetent cells and the differences in their physiological properties is currently being pursued. The loss of competence after several hours (14, 20) is accompanied by a return to the higher-density peak (Fig. 6) . We know that frozen cells lose competence when they are stored for some time. We are interested in knowing what causes the loss of competence, and whether a change in density also occurs.
